Abstract. This study evaluated the microstructure and mechanical properties enhancement of cross roll rolled Ni-10Cr alloy, comparing with conventional rolled material. Cold rolling was carried out to 90% thickness reduction and subsequently annealed at 700 o C for 30 min to obtain the fully recrystallized microstructure. Particularly, cross roll rolling was carried out at a tilted roll mill condition of 5º from the transverse direction in RD -TD plane. Application of cross roll rolling on Ni-10Cr alloy contributed to the notable grain refinement due to higher effective strain than that of conventional rolling, consequently, average grain size was refined from 135 m in initial material to 4.2 m in cross roll rolled material. Furthermore, <111>//ND texture in CRR material was well developed than that of CR material, which contributed to the mechanical properties and formability enhancement.
Introduction
Ni base alloys are widely used in chemical and power plants due to its excellent properties, such as high strength, outstanding heat and corrosion resistance, and good workability. Generally, Ni base alloys have an intermediate stacking fault energy (SFE), which can be effectively improve the grain refinement than that of high SFE materials through application of severe plastic deformation (SPD) [1] . Furthermore, the resulting grain size of the material after annealing is attributable to the effective strain imposed by deformation process [2] . Thus, in the present study, the SPD method which can be imposed a higher effective strain was applied to achieve the notable grain refinement on Ni-10Cr alloy.
SPD method is widely used for obtaining the ultrafine grained material, accompanying with the enhanced mechanical properties [3] . Lately, in order to obtain the notably refined grains of the materials, equal channel angular pressing, differential speed rolling, high pressure torsion and channel die compression as SPD method have been applied. However, the researches on cross roll rolling (CRR) have been rarely reported. CRR, i.e., a new rolling process in which the roll axes are tilted against the transverse direction (TD) in the rolling direction (RD)-TD plane, was proposed by Chino et al. This process can impose a higher effective strain than that of conventional rolling (CR) due to its shear deformation, which results in a smaller grain size than that of CR through annealing [4] . Furthermore, the texture development by CRR is effective to enhance the formability. Therefore, this study was carried out to evaluate the microstructures, mechanical properties as well as formability on Ni-10Cr alloy subjected to CRR, comparing with CR processed material.
Experimental procedures
The material used in this work was Ni-10Cr alloy. The material which was solution treated at 1000 o C for 1 h to obtain the homogenized microstructure was used as an initial material. For this material, cold rolling was carried out to 90% thickness reduction, particularly, CRR was performed at retaining the roll mill in which roll axis was tilted by 5° from the transverse direction in RD -TD plane, without lubricant to maximize the shear strain. To observe the microstructures of cold rolled materials by CR and CRR, transmission electron microscopy (TEM) was employed, and cold rolled sheets were then cut to 3 mm disc, mechanically ground to 80 m and jet-polished to 10 m by using the solution of 10 ml perchloric acid and 90 ml methanol at -30 o C. TEM analysis on thinned specimens was carried out at 200 kV.
After rolling, the materials were annealed at 700 o C for 30 min to obtain the fully recrystallized microstructures. In order to investigate the grain boundary characteristic distributions (GBCDs), electron backscattering diffraction (EBSD) method was introduced. For this work, specimens were prepared by 5 mm × 5 mm in size, mechanically ground and polished by vibratory polisher, and specimen surfaces were then analyzed by using orientation image mapping incorporated in scanning electron microscopy (SEM). To evaluate the mechanical properties, tensile test was employed. In case of the formability, conical cup test on cold rolled and annealed sheets was introduced and carried out at room temperature with 5 mm/min of punch speed. The conical cup value (CCV) was obtained by dividing the diameter of the base of the conical cup formed after test by the diameter of the specimen.
Results and discussion
Grain boundary map, grain size distribution and misorientation angle distributions of initial material are shown in Fig. 1 . The grains ranging between 10 m and 230 m were heterogeneously distributed with average size of 135 m, including a large amount of annealing twins in the grains, as shown in Fig. 1(a) . Furthermore, the grains with size of greater than 50 m occupied more than 90% in fraction, as shown in Fig. 1(b) . At misorientation angle distribution, the high angle grain boundaries occupied more than 95%, and 60° distribution showed the highest fraction, as shown in Fig. 1(c) , which was identified as annealing twins. Grain boundary maps and grain size distributions of cold rolled and annealed materials are shown in Fig. 2 . At CR processed material, the grains were notably refined to 9.4 m relative to the initial material, including large amount of annealing twins in the grains, as shown in Fig. 2(a) . However, the grains ranging between 1 m and 23 m were heterogeneously distributed in microstructure, as shown in Fig. 2(b) . As for CRR processed material, the more refined grains were distributed than those of CR processed material, consequently, an average grain size exhibited 4.2
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Eco-Materials Processing and Design XIV m, which was also included a large amount of annealing twins, similar to that at CR processed material, as shown in Fig. 2(c) . Furthermore, CRR processed material showed more homogeneous grain distribution relative to CR processed material, as shown in Fig. 2(d) . Tensile properties of the materials used in this study are shown in Fig. 3 . At initial material, yield and tensile strengths exhibited 129 MPa and 455 MPa, with elongation of 58%, respectively. Application of cold rolling led to an increase in yield and tensile strengths, whereas decrease in elongation. Consequently, the yield strengths of CR and CRR processed materials increased to 695 MPa and 658 MPa, slightly higher at CRR material, with tensile strengths of 833 MPa at all conditions. However, elongation decreased to 7.0% in CR and 7.8% in CRR, respectively. In case of annealed materials, CR and CRR materials showed 171 MPa and 223 MPa in yield strength and 499 MPa and 502 MPa in tensile strength, with an elongation of 44% and 50%, respectively. Consequently, CRR material showed the slightly enhanced yield strength (approximately 30 %) than that of CR material, despite an increase in elongation of more than 10%. 
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Inverse pole figures on normal direction (ND) of the annealed materials are shown in Fig. 4 . At initial material, the grains were densely distributed at <001>//ND, showing the highest intensity, as shown in Fig. 4(a) . CR processed and annealed material also showed the densely distributed grains at <001>//ND and <212>//ND, as shown in Fig. 4(b) . However, the grains in CRR processed and annealed material were densely distributed at <112>//ND and <111>//ND, as shown in Fig. 4(c) .
Results of conical cup test on cold rolled and annealed materials are shown in Fig. 5 . CRR processed material clearly showed the enhanced formability, indicating the larger deformation than that of CR processed material, with lower CCV, as shown in Figs. 5(a) and (b) , respectively. Application of CRR process as deformation method was notably effective to enhance the grain refinement. In general, the effective strain through deformation process contributes to the resulting grain size after annealing process [2] . As known by theoretically, CRR process can impose the shear deformations such as  12 ,  13 and  23 , without at CR process [5] . As it led to an increase in effective strain, the resulting grain size after annealing was significantly refined from 135 m in initial material to 4.2 m in CRR processed material, which is more smaller size than that of CR process (9.4 m), as shown in Fig. 2 . Therefore, an increase in effective strain through CRR process can be effective to improve the grain refinement than that of CR process.
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Eco-Materials Processing and Design XIV Notable grain refinement and texture development (<111>//ND) by CRR and annealing process led to the more increased mechanical properties such as yield and tensile strengths, without an outstanding decrease in elongation. Yield and tensile strengths of CR processed material showed 33% and 9.6% higher than those of initial material, respectively. In particular, CRR processed material exhibited more enhanced yield strength, 73% higher than that of initial material, with similar tensile strength (10.3%) of CR processed material, as shown in Fig. 3 . Furthermore, its value was 30% higher than that of CR processed material, in spite of 13% higher elongation. These enhanced yield strength with a higher elongation at CRR processed material can be explained in terms of grain refinement and texture development. In other words, the difference in deformation methods such as CR and CRR contributes to the gap of effective strain due to the shear strain, which led to the difference grain refinement and texture development, as shown in Fig. 2 and 4 , respectively. Also, these results at another material have been reported, similar to that at this study [6] . Thus, despite the same thickness reduction at rolling process, to be obtained the more notably enhanced mechanical properties can be considered as texture development of <111>//ND in CRR material.
Formability of Ni-10Cr alloy was improved by application of CRR process. At conical cup tests, CRR processed materials showed lower CCV than that of CR processed materials, as shown in Fig. 5 . This also could be explained in terms of the development of texture. As mentioned above, CRR material showed higher strengths and elongation than those of CR material, which means the enhanced formability in CRR material. Furthermore, the results of conical cup tests evidently showed the improved formability due to the lower CCV and larger strain. Therefore, we considered that the enhanced formability on CRR processed material was attributable to the development of texture (<111>//ND) due to the shear deformation during CRR process, similar to that at tensile properties.
Conclusions
Application of CRR process on Ni-10CR notably contributed to the grain refinement. Consequently, the grain size was significantly refined from 135 m to 4.2 m, which was more refined than that of CR processed material (9.4 m). These grain refinements were effective to increase the mechanical properties such as yield and tensile strength. Yield and tensile strengths of CRR processed and annealed material exhibited 72% and 11% higher than those of initial material, respectively. Especially, the yield strength of CRR material showed 30% higher value than that of CR material in spite of higher elongation value than CR material. In addition, <111>//ND texture was well developed at CRR material, which was effective to improve the formability. Therefore, application of CRR on Ni-10Cr alloy can be effectively enhanced the grain refinement and mechanical properties including formability.
